Amorphous Hydrogenated Silicon (a-Si:H) is a material which is widely used in the field of solar cells and other optoelectronics. The only method available to produce high quality a-Si:H is by means of Plasma Enhanced Chemical Vapor Deposition (PECVD). Radicals responsible for deposition diffuse from a glow discharge towards a substrate which is heated up to 600 K where a layer grows with a speed of typically 0.1 nm/s. The deposition rate is limited because the transport is diffusion determined. An increase of this deposition rate and material efficiency can be expected if the radicals are transported towards the substrate using an other transport mechanism.
INTRODUCTION
The deposition of thin films of hydrogenated amorphous silicon (a-Si:H) is one of the steps in the production of devices such as solar cells or large liquid crystal displays. Common deposition techniques are chemical vapor deposition (CVD), plasma enhanced CVD (PECVD), photon enhanced CVD and sputtering.' The PECVD technique is used in nearly all technological applications where a high quality semiconductor material is desired, whereas the other techniques are applied in more exploratory research. The deposition rate is typically in the nm/s range or smaller.
We have produced the a-Si:H films with a supersonically expanding DC arc plasma. This deposition system is based on a principle which was used first to deposit carbon based films ranging from diamond to graphite and polymer like carbon. 2 In that system deposition rates of 200 nm/s were achieved over large areas (100 cm2) for polymer like and diamondlike carbon films34 and 600 nm/s for graphite films (small areas, several cm2).5 This new method is based on the geometrical separation of production and transport of the particles which are used in the deposition process.
In a thermal argon plasma with a temperature of approximately 1 eV the injected molecules are dissociated and ionized. With the resulting supersonic expansion, the particles are transported towards the substrate. The particles are usually atoms, ions and fragments of molecules. The substrate can be heated, cooled and a bias voltage can be applied. The energy of the argon ions which arrive at the surface of the substrate is of the order of 1 eV. Because the ion energy in the present deposition technique is substantially lower than the value in a RF plasma (30 eV), 6 it is expected that no argon is incorporated in the films.
We will briefly discuss the deposition apparatus subsequently the results are presented for the first films produced with the deposition system. The varying parameter which is discussed in this presentation is the substrate temperature. Finally we discuss these results.
EXPERIMENT
In figure 1 the deposition apparatus is depicted schematically. The vacuum chamber is a cylindrical vessel (1.15 m length and 0.5 m diameter) with a substrate support at one end. The substrate support extends 0.5 m into the vacuum vessel. The axial length of the vacuum vessel can be reduced to 0.8 m by removing a ring of 0.35 m length. The substrate support can be heated and its temperature is measured by thermocouples.
The substrate holder is not heated significantly by the plasma beam. An increase of 20 K occurred after 5 minutes with a plasma current of 40 A. The system is pumped by a series of two roots blowers and a rotary pump (pumping speed is 2600 m3/h). A large turbomolecular pump is used to maintain high vacuum (104 Pa) when no deposition takes place. At the other end of the cylindrical vessel, a wall stabilized DC arc is mounted. In the arc, a thermal argon plasma is produced at about 12000 K and 0.4 Bar. The precise values of the temperature and pressure depend on the current and the gas flow through the arc. The arc consists of three cathodes and an anode separated by a stack of electrically isolated copper plates. The construction of this arc is treated in detail in Kroesen et 8 The argon carrier plasma is allowed to expand supersonically in the vacuum vessel through a conically shaped hole in the anode. In the arc, the gas is accelerated to sonic velocity in the anode (nozzle) followed by a supersonic expansion. After several centimeters a shock occurs: the velocity of the plasma is reduced to a subsonic level. The subsonic beam reaches the substrate with a velocity of approximately 1000 ms1 and with a temperature of about 2000 K. Just outside the nozzle an argon/silane (10:1) mixture is injected into the beam. Due to the high temperature and high electron density of the expanding plasma beam, the silane is dissociated and partially ionized.
In the arc, just before the nozzle, a hydrogen flow can be injected into the plasma.
The substrate support consists of a fixed part with a heater and a removable part on which the substrates are mounted. The latter part is used to insert the substrates into the vacuum system through a load lock. The load lock is pumped with a turbomolecular pump. The load lock is used to prevent contamination of the vacuum system with oxygen, nitrogen and water. When the samples are taken in or out of the load lock system, the load lock system is vented with high purity argon. The substrate support is designed to hold one large wafer of 10 cm diameter or five different samples of 2.5 cm diameter. We used quartz, gold coated quartz, gold coated copper, gold coated steel, stainless steel, silver and crystalline silicon substrates for our deposition experiments. Although gold is known to form suicides, we used it for its good infrared reflectance. The diffusion length of gold into silicon films is at temperatures below 700 K smaller than 0.5 nm.9 This is negligible compared to the thicknesses of the produced films. In table 1, a short overview is given of the experimental settings used in our experiments. More detailed information concerning the silicon deposition apparatus can be found in Meeusen et al.1°3 .
RESULTS AND DISCUSSION
The samples which are analyzed are the first a-Si:H samples produced with our deposition technique. We varied four of the experimental conditions: substrate temperature, the distance between substrate and arc, arc current and hydrogen flow. The other experimental conditions were kept constant. Because of lack of space we will not discuss these results here and refer to Wilbers et a17. The pressure inside the arc at the cathode side was about 4xi0 Pa. The argon flow in the arc was 60 scc/s. A small flow of 0.3 scc/s Sill4 diluted in 3 scc/s argon was injected into the expanding beam. The background pressure in the deposition chamber was 10 Pa.
In case of a pure argon plasma, the ionization degree of the plasma is between 1 and 10 percent depending on the current in the arc. In the expansion zone, the ionization degree is approximately homogeneous throughout the plasma if no additional gases are injected.11 Seed gases can be injected in three locations; in the arc, in the nozzle and in the expansion zone. In the first two, the available energy is the highest. However, immediate complete dissociation of the silane occurs which can be followed by deposition there and an obstruction of the injector. This can not be permitted in view of the safety precautions. If silane gas is injected into the subsonic zone of the expansion after the shock, this disadvantage of possible obstruction is not present as the pressure is much lower. Several dissociation paths are available; charge exchange with argon ions followed by dissociative recombination, vibrational excitation by ions and hot atoms followed by dissociation, excitation by VUV radiation emitted by the arc and the dissociation paths involving electrons. In the travelling subsonic beam, successive interaction with argon ions and electrons can dissociate the silane to SiH3, Sill3 to Sill2 and so on until no ions or atoms are availible or the silane is completely dissociated.
The first series of experiments was devoted to investigate the influence of the substrate temperature. In CVD techniques, the substrate temperature at which the optimum a-Si:H is produced, is between 500 K and 600 K. Our temperature scan ranged from room temperature to 625 K. The distance between the arc and the substrate support was 0.85 m and the arc current was 30 A. Using spectroscopic ellipsometry the oscillator strengths of the absorption peaks of several films were measured together with their refractive indices (calculated in the JR region from 1850 to 2350 cm') and deposition rate of the films. These values are listed in table 2 for various films deposited at different substrate temperature. The absorption peak at a frequency of 2000 cm1, which is attributed to a stretch mode of Sill,7 occurs only at a substrate temperature at and above 500 K and increases slightly at a substrate temperture of 570 K. At lower or higher temperatures, a vibrational absorption at 2000 cm1 cannot be distinguished. The absorption peak at a frequency of 2100 cmt which is present in all samples is attributed to a stretching mode of Sill2.7 At 570 K this peak is in the same order as the Sill peak. Additional peaks at 2140, 2180 and 2240 cm1 occur at the lowest and highest temperature. The peak at 2140 cm1 is due to Sill3 or chains of Sill2 (polysilane).8 The vibrational absorptions at 2180 and 2240 cmt are shifted absorption peaks of the stretch mode of Sill2 due to oxidation. Only the sample produced at 570 K remained stable, even after one month. These results suggest that the samples produced at temperatures lower than 500 K or higher than 625 K have an open structure with many large voids. This would explain the rapid and strong oxidation.
The following experiments were done at a fixed temperature of 550 K. As shown by the temperature scan, a film containing Sill is produced at this temperature. Also, at this temperature the films do not oxidize. In these the arc current and the distance from arc to substrate have been varied. Also a hydrogen flux is introduced. This yields finally a material with infrared absorbtion peaks at 2000 cm1 and 2180 cm1 which are both attrubited to Sill.
The refractive index at 632 nm as determined by in situ ellipsometry was 3.7 and its imaginary part -0.15. These values are in the range of the values of device quality a-Si:H.
CONCLUSIONS
We have analyzed the first a-Si:ll samples produced with an expanding arc plasma with spectroscopic ellipsometry. Several conclusions can be drawn from these preliminary measurements. The optimum substrate temperature to deposit stable films is the same as in CVD technique, between 500 and 600 K. The film properties are associated with the ionization degree of the expanding argon beam which is directly coupled to the composition and the temperature of the plasma. At lower temperatures of the plasma beam, the resulting films are dominated by the presence of Sill2. With increasing temperature, the hydrogen content of the film decreases considerably and the refractive index approaches the value of amorphous silicon.
Introduction of molecular hydrogen into the expansion to increase the hydrogen content of the films quenches the plasma expansion severely. With decreasing temperature and electron density, the dissociating power of the plasma beam decreases strongly. Only at the condition where the deposition rate is relatively low, the obtained film has a high refractive index. With increasing plasma temperature the Sill2 bond dominates. The films oxidize after exposure to air. Reduction of distance between substrate and arc from 0.85 to 0.5 m only enhances this effect and the Sill2 content of the films increases further. Introduction of more hydrogen (from 10 to 40 scc/s) increases the refractive index and enhances the strength of the Sill bond compared to the Sill2 bond. Injection of hydrogen in the middle of the burning arc enhances the dissociation of the hydrogen molecules and reduces the decrease of the electron density of the expanding plasma beam. This resulted in a film with a refractive index at 632 nm of 3.75. The increase of the vibrational absorption of Sill stretch mode and decrease of the vibrational absorption of the Sill2 stretch mode indicate together with the higher refractive index a densification of the film. The value of the refractive index is still to low compared with high quality material obtained with PECVD. '5 The stable films contain absorptions at 2000 cmt and 2085 crnt. In PECVD produced films, only the 2000 cm1 absorption peak is present. lliraki et a128 showed that if the 2100 cm1 peak (Sill2) is present in their c-Si:ll samples, severe degradation of the photo conductivity occurs if the samples are exposed to air and oxidation peaks occur. If however, the 2085 cm' absorption peak occurs, the photo conductivity is unaffected after air exposure and no oxidation peaks appear.
In general, the structure of the obtained a-Si:H films is close to the structure as observed in PECVD material. Still, further optimalisation has to be performed regarding the silane injection into the expanding beam, the silane concentration and the flow of hydrogen. Future analysis will also include photoconductivity and dark conductivity measurements.
